Landsberg erecta x Columbia F8 recombinant inbred lines of Arabidopsis thaliana, arrayed BAC clones covering most of the genome, and databank sequence information were used to map the positions of 69 genes in the genome of A. thaliana. These genes encode all known constituents of the photosynthetic thylakoid membrane, some regulatory factors involved in its biogenesis, and the RNA polymerases of nuclear origin that operate in chloroplasts and mitochondria. Designations of novel genes are proposed. The data of these three approaches are generally consistent, although ambiguities have been noted for some genome segments and with gene duplications. For thylakoid multi-subunit structures, no positional clustering of genes has been found, not even for genes encoding different subunits of the same membrane complex. The genes of the lhc superfamily encoding antenna apoproteins and their relatives are a particularly intriguing example. The lack of positional clustering is consistent with phylogenetically independent gene translocations from the plastid (endosymbiont) to the nucleus. This raises the basic question of how independently translocated genes which acquired different promoter sequences and transit peptides were functionally integrated into common signal transduction chains.
Introduction
One characteristic of eukaryotic plant cells is the partitioning of the genetic material into three different compartments, a feature that resulted from primary or secondary endosymbioses.
1 Plastids and mitochondria are now known to be the extant derivatives of cyanobacterial and α-proteobacterial endosymbionts, respectively, that still contain remnants of their ancient genomes. However, the relatively low number of 60-to 200-polypeptide genes maintained in organelle chromosomes contrasts with the coding potential of cyanobacterial genomes which comprise approximately 3000 genes, 2 and contrasts with the actual number of proteins and other macromolecular components present in these organelles (estimated to be 2000 or more). 3, 4 These differences imply that the generation of a plant cell from the initial endosymbiotic cell conglomerates was accompanied by massive rearrangements Communicated by Masahiro Sugiura * To whom correspondence should be addressed. Tel. +49-89-17861288, Fax. +49-89-171683, E-mail: meurer@botanik. biologie.uni-muenchen.de of genetic material during evolution. These rearrangements included loss, gain and intracellular translocation of genes-the latter predominantly, but not exclusively, from the endosymbionts into the nucleus-and led to the generation of a novel entity with a common metabolism and a common inheritance. 5 Consequently, it is evident that the majority of the organelles' polypeptides have to be imported from the cytosol and that 20% or more of the nuclear gene complement may be involved in the management of the cell organelles. Most present-day nuclear genes coding for structural polypeptides in organelles have been transferred independently from each other, although some may have been duplicated after translocation. For complex multi-subunit protein assemblies in the organelles such as energy-transducing membranes involved in photosynthesis or respiration, ribosomes, or complex stromal enzymes, gene transfer and loss were, and probably still are, gradual processes so that those structures still are of dual genetic origin. The high degree of variation in the design of promoters and transit peptides that must have been acquired during or after functional translocation of a gene 5 and also the dis-persed distribution of such loci in nuclear genomes that has been noted with marker-based linkage analysis support this scenario [6 and references therein]. Nevertheless, the independently transferred genes are expressed in a spatiotemporally highly coordinated way and with their partners located in other compartments which includes the generation of novel, intercompartmental regulatory circuits in the eukaryotic cell.
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The availability of comprehensive contig and sequence information of the Arabidopsis thaliana genome as well as of recombinant inbred lines or segregating F2 populations from A. thaliana offer the opportunity not only to probe into the outlined basic phylogenetic aspects and their functional consequences, but also to estimate the reliability of widely used, customary mapping approaches for materials other than Arabidopsis. These other materials include many crops, for which marker technology but no comprehensive sequence and BAC data are available. It may also permit determination of the relation between physical and genetic maps that rely on quite different criteria, i.e. nucleotide and recombination frequency distances, respectively. In a wider perspective, recent achievements in resolving ultrastructural chromosomal detail at high resolution by field emission scanning electron microscopy 7, 8 promise to relate physical, genetic and topographic gene or marker distances and maps, or to facilitate the study of topographic aspects of gene expression. In a case study, using three different approaches we have localised 69 different Arabidopsis genes in the genome of this plant, the majority of them encoding chloroplast polypeptides of the photosynthetic machinery, notably constituents of the thylakoid membrane system for which substantial general information and gene probes are available, and compared the data obtained with the different approaches.
Material and Methods

Sequence and RFLP analysis
All expressed sequence tags (ESTs) listed in Table 1 were obtained from the Arabidopsis Biological Resource Center (ABRC) of Ohio State University. ESTs which were found to detect DNA polymorphism between the accessions Landsberg and Columbia on genomic Southern blots were used for restriction fragment length polymorphism (RFLP) mapping. Map positions were determined using the Ler X Col-4 F8 recombinant inbred (RI) strains 9 which were obtained from the Nottingham Arabidopsis Stock Center. Segregation data were processed using the MAPMAKER algorithm.
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DNA from plant tissue was isolated as described in Ausubel et al. (1987) .
11 For Southern analysis, 20 µg of genomic DNA was digested with a given restriction enzyme as recommended by the supplier, size-fractionated on 0.8% agarose gels containing 1 µg/ml ethidium bromide in TBE buffer (10 mM Tris/HCl, 10 mM boric acid, 1 mM EDTA, pH 7.8), and blotted onto nylon filters (Biodyne B, Pall, Dreieich). Filters were prehybridised and probed with 32 P-labelled DNA in Church buffer (7% SDS, 0.25 M Na-phosphate, pH 7.2). Hybridised filters were washed twice with 6 × SSC for 30 min at 60
• C, and under the same conditions twice with 2 × SSC. The segregation of RFLP markers was analysed on autoradiographs using type BASIII Fuji Bio Imaging plates, a Fuji Bio Imaging analyser, the BAS2000 software package (Fuji), and the TINA software package v2.08 beta (Raytest, Sprockhövel/Germany).
Identification of hybridising DNA fragments in the
Arabidopsis thaliana IGF-BAC library The library of recombinant bacterial artificial chromosomes (BACs) of the Arabidopsis genome used was constructed at the Institut für Genbiologische Forschung Berlin GmbH.
12 Individual recombinant BACs of this library have been ordered into contigs covering almost the entire Arabidopsis genome (http://www.mpimp-golm.mpg.de/101/igf bac cont. html). ESTs were mapped by hybridisation to filters of 9216 individual recombinant BACs spotted in duplicate in 3 × 3 arrays. Library filters were obtained from the DHGP (Resource Center of the German Human Genome Project, Berlin/Germany; http://www.rzpd.de).
In order to avoid the risk of cross-hybridisation of vector sequences, EST inserts were amplified by polymerase chain reaction (PCR) using primers complementary to the flanking regions of the M13 polylinker cloning site (primer F: TGTAAAACGACGGCCAGT, primer R: CAGGAAACAGCTATGACC). PCR conditions were: 1 min preheating at 94
• C, followed by 40 cycles each comprising 25 sec at 94
• C, 25 sec at 55 • C and 2 min at 72
• C. After the last cycle, the reaction mixture was kept at 72
• C for 10 min and then cooled to 4 • C. Amplified DNA fragments were electrophoresed in 0.8% agarose gels, ethidium bromide-stained fragments were excised, and DNA was eluted from the agarose blocks.
After prehybridisation for 2 hr at 42
• C in 200 mM Na-phosphate, pH 7.2, 1 mM EDTA, 15% formamide, 1% BSA, 7% SDS, the BAC filters were incubated under the same conditions overnight with purified 32 P-labeled EST inserts. The filters were then washed at 60
• C, twice for 30 min with 6×SSC, 1% SDS, and twice with 2×SSC, 0.1% SDS. After a final rinsing with 2 × SSC they were exposed to X-ray film. Probes were removed by a short treatment of filters with boiling in 0.1% SDS followed by an incubation at 60
• C for 30 min with gentle agitation. BAC designations were identified in cooperation with the RZPD according to the coordinates of hybridising clones on the array filters and anchored contigs. Map positions of BACs hybridising to EST probes were defined by the closest two flanking marker DNAs on the Table 1 . Map position of photosynthesis genes encoding constituent subunits of the thylakoid membrane and some regulatory genes.
a) The position of genes (in kb) which have been assigned using BAC arrays are marked with asterisks. b) The relative position (in cM) which has been obtained by RI mapping and the restriction enzymes which provide polymorphisms are given in the fifth column. The last columns summarize the relative position of flanking markers as well as the designations and accession numbers of the corresponding BAC clones.
genetic map of molecular markers.
Results and Discussion
Most of the 42 gene probes used in this mapping survey constitute Arabidopsis ESTs encoding thylakoid polypeptides and components involved in the biogenesis of that membrane system. The majority of them were selected from databases on the basis of their sequence similarity to previously identified heterologous cDNAs which encode corresponding polypeptides localised in plastids. Several loci could only be derived from genomic sequence data 13 indicating that they are expressed with only low abundance. The data include several novel genes which are discussed below. Gene designations were taken from Hallick (1989) 14 and Jansson (1999) . 15 We propose the following revisions and designations for novel components: Two different genes coding for polypeptides of the photosystem II assembly have been designated psbT, a plastid-encoded locus, formerly termed ycf8, 16 and a nuclear gene encoding a small bitopic precursor protein that is imported into the organelle. 17 We propose to designate the former psbG, because the previous compound with this designation 18 turned out to represent ndhK, a component of the NADH dehydrogenase complex. 19 In Arabidopsis, a second gene has been detected for each, psaD, psaE, psaH (photosystem I), psbO, psbQ, psbT (photosystem II), petE (plastocyanin), petH (ferredoxin NADPH oxidoreductase) and atpC (γ subunit of the thylakoid-located ATP synthase). Three genes have been found for protochlorophyllide oxidoreductase (porA-C) and four genes for petF (ferredoxin). These are distinguished from the original version (designated with "1") by the addition of "2 to 4." Of the recently described members of the lhc subfamilies, two cDNAs, lhcb2.1 and lhcb2.3, 15 did not correspond to any locus of the genome of the Arabidopsis accession Columbia, most probably because the cDNAs have been generated from different lineages. Both genes differ in only a few nucleotides from each other and from the most abundantly expressed gene of the lhcb2 subfamily which consists of three members in Arabidopsis. Therefore, we propose only one designation, lhcb2.1, for what may be three allelic forms. Consequently, we renamed lhcb2.4 as lhcb2.3. Due to their functional and phylogenetic impact, our mapping work included a small family of three Arabidopsis cDNAs, designated rpoPT, rpoMT1 and rpoMT2, which code for related plastid and mitochondrial phage-type RNA polymerases, respectively.
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Two different mapping strategies were employed: RFLP mapping with RI lines of accessions Landsberg erecta (Ler) and Columbia (Col-4), and probe hybridisations to genome-covering BAC contig libraries. The results were compared mutually as well as with the locations of genes in the physical Arabidopsis genome map which have been identified using BLAST searches of the corresponding cDNA or gene sequences.
Conventional
Restriction enzymes that exhibited RFLP in digests were used to analyse DNA from 28 different RI lines of the cross Ler X Col-4. Depending on their hybridisation pattern, genotypes of the RI lines were tabulated and used for the calculation of map positions (Table 1) . To assess the resolution quality of the chosen population size, two of the five different ESTs which had been mapped by Walker et al. (1997) 21 using 79-92 RI lines, the cDNAs of petC and petE, served as controls. The map position of petC has been confirmed within 4% to be distal in chromosome 4, but petE has been mapped distant from the map position described by these authors on chromosome 1 (see below). Fourteen genes could be located with LOD scores of > 3.0. Their map positions have been integrated in the genetic map of RI lines (http://nasc.nott.ac.uk/new ri map.html) as well as in the Lister and Dean map 9 (http://genome-WWW3. stanford.edu/cgi-bin/AtDB/Riintromap). With the second mapping strategy utilising physical BAC contigs covering the majority of the Arabidopsis genome, 12 16 cDNAs could be localised on individual BACs. These BACs were interactively linked to the TAIR physical map site (http://www.arabidopsis.org/cgi-bin/maps/ Pchrom), and therefore made it possible to pinpoint the respective genes with relatively high accuracy.
To monitor the coincidence of data obtained by both mapping strategies, three cDNAs for psbS, lhcb6, and petE2 (encoding subunits S and CP24 of photosystem II, and plastocyanin, respectively) were used as RFLP markers and as hybridisation probes for the BAC array filters. By both approaches, the genes were placed in the same respective chromosomal regions. Moreover, the relative gene positions are consistent with those found in data bases ( Table 1 ) which demonstrates that both approaches provided reliable data in the majority of cases. It is also important to note that the findings are generally commensurate with the gene positions deduced from genome sequencing data 13 (www.arabidopsis.org/blast/; see below). Table 1 summarises the RI-and BAC-derived map positions. It includes BAC clones, accession numbers, and the respective flanking markers, and hence provides efficient access to all protein and gene sequences. A graph of all mapping data is presented in Fig. 1 . The coincidence of the findings with different strategies qualifies mapping approaches based on recombination frequencies and ordered BAC collections for cases where comprehensive sequence data is lacking, and recommends cDNAs coding for conserved gene products as general genetic markers for mapping purposes in other plant species. Although the presently available physical map of the Arabidopsis genome is not yet complete, and in some in- Table 1 . Centromeres are marked as circles.
stances positions on the genetic map could only be deduced from physically closely linked markers which had been used to anchor the BAC contigs, 12 the BAC-based approach is the preferred method. Its major advantage is the speed with which mapping data can be accumulated. All the time-consuming isolation and analysis of DNA from plant material is not necessary.
Collectively, the data show that the genes, even those coding for the same membrane complex, are spread over the entire genome, as has been noted with a dozen cDNAs encoding thylakoid proteins with Beta vulgaris. 6 Particularly intriguing aspects of phylogeny reveal the gene locations of members of the lhc superfamily encoding light harvesting antenna apoproteins and their relatives. 5, 15, 22, 23 This gene family differs in its functional and phylogenetic complexity from most other gene families. The group of 23 related genes, listed in Table 2 encodes multiple biologically active polypeptides, namely chlorophyll a/b antenna apoproteins associated with the photosystems I (lhca1-6) and II (lhcb1-3), the minor antenna apoproteins (lhcb4-6), the ELIP proteins (lil1-2) and psbS, which function in light collection, energy transfer and/or stress protection. Disregarding the fact that the nature and origin of the ancestral gene for LHC antenna are unclear, 5 at least two principal phylogenetic events besides intracellular gene translocation(s) are involved in the complex evolution of this superfamily: the duplication of a gene or gene fragment encoding two trans-membrane spans without separating the duplicated coding interval 24, 25 and the loss of the fourth transmembrane helix of the duplicated sequence in most members of the family. There are two possible explanations for the observation that the genes are scattered among all five Arabidopsis chromosomes as well as within chromosomes, although in some instances clustering can be noted as well. The individual subfamilies may either have resulted from multiple translocation events separately for each of the subgroups or genes before the ancestral locus was eliminated from the organelle genome, or from spreading by duplication of a single (or a few) translocated gene(s) followed or not by transposition within the genome, subsequent divergence and functional specialisation. Gene translocations within plant cells are relatively frequent. 5 The position of the genes as well as the similarity/dissimilarity of promoters and of transit peptides among the members indicate that both cases have apparently occurred; they bear on multiple intracellular gene transfers, on duplications and translocations of the genes within the genome after gene transfer, and they support the idea that the diploid Arabidopsis genome was derived from chromosomal restructuring of an auto tetraploid or allotetraploid ancestor. 13 For instance, the inverted and direct tandem arrangements, close positioning and high sequence conservation of lhcb1a and b, or lhcb1c, d and e on chromosomes II and I, respectively, are consistent with the idea of recent gene duplications, i.e. after intracellular gene translocation. The transit peptides within each of the two gene groups are strikingly similar (75-100%). The promoter sequences diverged faster therefore showing much less homology (approximately 55%). On the other hand, the findings that both promoters and transit peptide sequences are not a like between genes or members of subfamilies 26 favour the former case, although transposition of gene parts encoding only the mature polypeptides without transit peptide and promoter motifs within a genome cannot be excluded. Examples are the lhcb1, lhcb2, and lhcb4 (CP29) subfamilies that are spread on three chromosomes. The analysis of the lhc superfamily and its impact for genome restructuring will be detailed in a separate communication.
It should be emphasised that mapping approaches are not free of pitfalls and ambiguities, and differences have been noted in a few instances. Four examples are provided showing several reasons why these pitfalls may exist.
(1) Apart from the fact that mapping resolution depends on the number of recombinants used, the RI linkage data were not always satisfactory. For instance, the position of psbQ2 on chromosome 4 was considered tentative due to the risk of recombination frequency bias. This locus maps close to the centromere 27 (Table 1) and consequently its LOD score (2.5) was relatively low. (2) Hybridisation approaches may not detect duplicated genes or duplicated gene parts, even with appropriate resolution when they are not tandemly arranged. Genomic and cDNA sequence data have verified a second petE gene 28 which we propose to desginate petE2. PetE, 29 now petE1, had been placed as a single copy gene terminal on chromosome 1. 21 Using a specific cDNA probe with the BAC array approach, petE2 was unequivocally pinpointed to the same chromosome but in the region around 28 cM, and again as a single copy gene. Four recombinant BACs that were identified (14O10, 19P21, 13N22, 24E3) all originated in the very same chromosomal segment, a finding which has been recently substantiated by sequence data. 13 In both instances, the highly stringent conditions chosen prevented the generation of cross-hybridisation signals, since both genes display no more than 73% homology at the nucleotide level. Similarly, a second atpC gene, designated atpC2, at a position at 18 cM on chromosome 1 became obvious only through sequence information. Again, both genes display only moderate homology (66%) which generally precludes cross-hybridisation. An analogous case based on higher homologies and differences in hybridisation stringency has been noted with the psaH1 probe. At high stringency, the probe hybridised to 10 different BACs (10L10, 4H02, 10G02, 22C20, 22C18, 12P15, 6P11, 24M14, 19L09, 9E19) that are all part of a single contig on chromosome 3. In contrast, the psaH2 cDNA at lower stringency produced two independently segregating loci (NcoI bands) in Southern blots which indicated the presence of two copies of this gene, on chromosomes 1 and 3, respectively. Since the coding regions of psaH1 and H2 possess a relatively high degree of sequence identity at the nucleotide level (81%), it is evident that the psaH1 probe did not cross-react with psaH2 in Southern blots under the chosen conditions. Finally, the Arabidopsis genome has also been found to house a second petF gene (designated petF2). Both petF1 and F2 reside on chromosome 1 and show 80% sequence conservation at the nucleotide level, but only one has been detected in South-ern blot experiments using a homologous petF1 probe.
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(3) Conversely, hybridisation patterns with cDNAs frequently indicated more than one gene copy, but not all restriction fragments displayed polymorphism. In such instances, results may be misinterpreted. For instance, probing with porB identified several signals but only one RFLP. Based on this polymorphism, porB was erroneously mapped on chromosome 5 at the position of porA. Only inspection of database sequence information placed porB on chromosome 4. In this case, sequence homology of 84% between the two genes was high enough to generate cross-hybridisation. Obviously, RFLP mapping information in instances like those may reflect not only the map position of genes from which the cDNAs originated but also identify the positions of related genes or pseudogenes. (4) Conserved probes from heterologous sources that are frequently employed in such work may yield different results than homologous ones, probably due to the less stringent conditions for hybridsation generally used in such cases. For instance, two loci appeared in the Arabidopsis genome with the heterologous petH probe from pea, of which petH1 and petH2 were localised to chromosome 1 and 5, respectively. 21 Both genes are approximately 60% conserved including their intron. On the other hand, in our work, only petH2 was detected using a homologous probe. All these examples reinforce the idea that genetic and physical mapping may become critical with gene or gene module duplications and members of gene families, and that sequence detail is indispensible to settle such points.
Knowledge about map locations of genes or DNA segments can be applied to various fundamental aspects; it can elucidate physical and "topographic" synteny, if combined with megabase technologies and the recently developed techniques of 3D high-resolution field emission scanning microscopy of plant chromosomes 8 or refined in situ hybridization strategies, 7, 28 respectively. Combination of ultrastructural approaches with megabase technologies may also help clarify the influence of chromosomal context on gene expression, for instance to evaluate aspects of coordinated expression despite a rather homogenous gene distribution over the entire genome, or the influence of transgene position effects. For photosynthesis, it may also provide a complementary tool in the genetic analysis to distinguish mutations in structural genes from those involved in the regulation of the photosynthetic process, e.g. high-chlorophyll fluorescence (hcf) phenotypes. 
